There remains great uncertainty about how much tropical forest canopies contribute to global species richness estimates and the relative specialization of insect species to vertical zones. To investigate these issues, we conducted a four-year sampling program in lowland tropical rainforest in North Queensland, Australia. Beetles were sampled using a trap that combines Malaise and flight interception trap (FIT) functions. Pairs of this trap, one on the ground and a second suspended 15-20 m above in the canopy were located at five sites, spaced 50 m or more apart. These traps produced 29 986 beetles of 1473 species and 77 families. There were similar numbers of individuals (canopy 14 473; ground 15 513) and species (canopy 1158; ground 895) in each stratum, but significantly more rare species in the canopy (canopy 509; ground 283). Seventy two percent of the species (excluding rare species) were found in both strata. Using IndVal, we found 24 and 27% of the abundant species (nR20 individuals) to be specialized to the canopy and the ground strata, respectively, and equivalent analyses at the family level showed figures of 30 and 22%, respectively. These results show that the canopy and the ground strata both provide important contributions to rainforest biodiversity.
INTRODUCTION
Tropical forest insects dominate the number of described and estimated species on Earth. Understanding the degree of insect specialization to vertical zones, host plants and other resources within tropical forests is of central importance to global species richness estimates (Erwin 1982; Stork 1988 Stork , 1993 Hammond 1995; Ødegaard 2000; Novotný et al. 2002) . The first use of knockdown insecticides (canopy fogging) to collect samples of tropical forest canopy insects (Erwin & Scott 1980; Adis et al. 1984) revealed a previously unparalleled level of species richness of Coleoptera and subsequently led to Erwin's supposition that the canopy is twice as rich in species as the ground (Erwin 1982) . However, to date there have been few studies that have accurately quantified the vertical stratification of insects within tropical forests.
One such study of 4025 beetle species collected over 12 months from an Indonesian tropical forest (Hammond 1990; Stork & Brendell 1990 ) suggested that only 8-13% of these beetles are canopy specialists (Hammond et al. 1997) . Other canopy-ground comparisons within tropical rainforest have suggested that most insect activity is located in the top few metres of the canopy (Sutton et al. 1983) , and that insects are more abundant and speciose in the canopy than the understory (Basset et al. 2001; Charles & Basset 2005) . However, this contrasts with other studies on Lepidoptera and Formicidae which suggest that the ground layer is as speciose as the canopy (DeVries et al. 1997; Brü hl et al. 1998; Schultze et al. 2001) .
Despite poor consensus as to whether the canopy or the ground contributes more to global biodiversity, numerous studies on arthropod groups including Collembola (Rogers & Kitching 1998) , Lepidoptera (DeVries et al. 1997; Devries & Walla 2001; Schultze et al. 2001) , Formicidae (Longino & Nadkarni 1990; Brü hl et al. 1998) , Chrysomelidae (Charles & Basset 2005) , Drosophila (Diptera; Tanabe 2002 ) and a range of insect orders (Basset et al. 2001) , have unequivocally shown that arthropod assemblages in the canopy are very distinct from those that inhabit the ground zone. These differences are likely to be determined by a range of factors including resource availability, microclimate preferences and predator avoidance (Haddow et al. 1961; Kato et al. 1995; Brü hl et al. 1998; Rogers & Kitching 1998; Schultze et al. 2001; Tanabe 2002; Basset et al. 2003) . The degree of specialization to resources and physiological tolerances to microclimate are, therefore, likely to be particularly important in structuring arthropod assemblage differences between the canopy and the ground.
Our inability to determine how different vertical strata contribute to global biodiversity is the result of three major methodological problems with previous studies. First, few studies have incorporated methodologies that allow equal sampling effort in the canopy and near the ground. For example, although canopy fogging can sample vast numbers of arthropods in the canopy, such a technique cannot be used to sample the insect fauna of the ground layer. Second, few studies have used ecologically diverse or species-rich taxa to assess arthropod assemblages and it is difficult to extrapolate these results with confidence for other insect taxa. Third, few have tested vertical stratification data using robust and appropriate statistics that incorporate abundance. As far as we are aware, no study has adequately addressed all three areas of concern.
This study focuses on the distribution of insects between the canopy and the ground of an Australian tropical lowland rainforest. Here we have been careful to use a methodology that allows equal sampling of the canopy and the ground. We have used Coleoptera as our target taxon as this is by far the most species-rich order of insects (Hammond 1992; Nielson & Mound 1999) and, since this is arguably the most ecologically diverse order of insects (Lawrence et al. 2000) , extrapolations for other insect taxa may be possible. We have also used appropriate statistics that incorporate abundance to test the hypotheses that (i) the canopy is richer in species than the ground and (ii) that a higher proportion of these species are strata specific.
MATERIAL AND METHODS
This study was conducted in lowland tropical rainforest (complex mesophyll vine forest type 1a (Tracey 1982 For most analyses temporal data were pooled and differences among strata (and sometimes trapping methodology) were compared. Differences in the number of individuals, total species richness, rare species (singletons, and doubletons) and species (excluding rare species), were compared between strata using traps as replicates (but pooling trapping methodology), ANOVA statistics, and log (xC1) transformations of the data. Multi-dimensional scaling ordination (MDS), and cluster analysis were used to represent the patterns of similarity in beetle species composition among traps from the ground and the canopy (based on log (xC1) transformations of the entire species abundance data and a Bray-Curtis distance measure). The statistical significance of beetle assemblage differences between canopy and ground samples was tested with analysis of similarity using the data described above. The identification of species specialist to the canopy or ground strata was made using the indicator value, IndVal procedure (Dufrêne & Legendre 1997; McGeoch et al. 2002) . This method combines species abundances with their frequency of occurrence at various groups of sites and in this study is based on their relative (square root-transformed) abundances and fidelity to the canopy or ground. IndVal is a symmetric indicator and is maximum when all individuals of a species are found at a particular type of site. The statistical significance of the IndVal statistics was assessed using a randomization procedure (5000 randomizations). IndVal statistics were separately calculated for each trapping method, trapping methods combined, each of the four years of sampling (yearZMarchKFebruary), cumulatively across years and for beetle families. Species accumulation curves and species richness estimators (Chao 1, ACE, ICE), were performed using ESTIMATES (v. 7.5, Colwell 2005) .
RESULTS
Over four years, the canopy-ground samples from the Australian tropical lowland rainforest site produced 29 986 beetles sorted to 1473 species within 77 families (table 1) . There were surprisingly similar numbers of individuals in each stratum (canopy 14 473; ground 15 513), and these differences were not statistically significant (ANOVA, d.f. 1, 4 , pZ0.783) . Of all the species caught, 78.6% (1158) were in canopy traps and 60.8% (895) were in ground traps, however, these differences were not statistically significant (ANOVA, d.f. 1,4 , pZ0.131). A high proportion of species (39.4%) were shared by both strata, and when singletons and doubletons were excluded, this figure was proportionally even higher (72.0%). There were significantly more rare species in the canopy than near the ground (ANOVA, d.f. 1,4 , singletons pZ0.048, doubletons pZ0.011) and in particular more in canopy FITs than ground FITs (ANOVA, d.f. 1,4 , singletons pZ0.027, doubletons pZ0.003). Rare species largely contributed to the differences in species totals among strata, as when they were removed, the number of species in ground and canopy samples were very similar (table 1), (ANOVA, d.f. 1,4 , pZ0.322). The FIT component of the traps collected a higher proportion of the individuals and species than the Malaise trap component (figure 1). Non-parametric species richness estimators Chao 1, ACE and ICE (Colwell 2005) predict total species richness figures of 2118-2200 species suggesting that 67-70% of the beetle fauna has so far been sampled. However, total species richness estimators continued to rise with year by year increasing sample size (data not presented here) demonstrating the unstable nature of all of the species richness estimators used in ESTIMATES (v. 7.5, Colwell 2005) . Ordination of this dataset by stratum and sampling method shows the striking differences between canopy and ground beetle assemblages, irrespective of differences between trapping method (figure 2). The differences between beetle assemblages from the canopy and the ground were highly significant (ANOSIM Global RZ0.424, p!0.001). A cluster analysis based on degree of similarity (Bray-Curtis) among the beetle assemblages collected in both the Malaise traps and FITs, showed clear separation of sites into canopy and ground groups while there was no evidence of spatial autocorrelation among sampling sites (figure 3). Despite the clear partitioning of assemblages by vertical strata, canopy and ground assemblages showed compositional similarity in the 30-40% range. Up to 238 species (84.3% of all individuals) surpassed the abundance threshold (nR20 individuals) to be included in IndVal analyses. We found 24% (range 24-26) of the canopy species and 27% (range 16-29) of the ground species were identified as specialists of those strata, depending on trapping method used (figure 4a). These proportions remained fairly constant over the four years sampling was conducted (figure 4b). Over time, additional species reaching the analysis threshold were identified as stratum specialists at a similar proportional rate (figure 4c) to overall species stratumspecialist allocations ( figure 4a,b) .
A similar IndVal analysis at the family level (and at subfamily level for Scarabaeidae, Staphylinidae and some Curculionidae; table 2) showed that of 64 Families (including 19 subfamilies) with 20 or greater individuals, 19 (30%) were canopy specialists and 14 (22%) were ground specialists. These specialist families usually had species that were also specialists of the particular stratum, but collectively were from diverse feeding guilds (allocation of families to feeding guild according to Hammond (1990) and Lawrence et al. (2000) ) including herbivores, predators, fungivores and saprophages and mixtures of these guilds. There were few stratum specialist herbivore families and surprisingly more fungivorous (or largely fungivorous families).
DISCUSSION
Our results unequivocally show that (i) both the canopy and the ground are equally species-rich, and (ii) they share many species. The evidence presented here therefore does not support the notion that most species are exclusively found in the canopy (Erwin 1982) . Insect associations with the canopy or ground are likely to vary along a sliding scale, with some entirely associated with a particular stratum and others equally split between strata. These patterns are likely to reflect the specific biology of the species concerned and may even change with season (Devries & Walla 2001 ), although we have not addressed this possibility here. Our finding that there was vertical stratification in the beetle assemblage concurs with those for other tropical forest insect taxa (Longino & Nadkarni 1990; DeVries et al. 1997; Brü hl et al. 1998; Rogers & Kitching 1998; Basset et al. 2001; Schultze et al. 2001; Tanabe 2002; Charles & Basset 2005) .
Our results show that similar proportions (24-27%), of those species common enough to assess, were sufficiently strongly associated with the canopy or ground layer to be considered to be specialists of these strata. However, even among the 115 'non-specialist' species, 42 species were three times more abundant in one stratum than the other. The absence of any spatial autocorrelation among assemblages caught from canopy-ground pairs of sites suggests that the vertical stratification patterns among beetle assemblages are robust. The statistical method we have used to determine stratum specialization (IndVal ) provides an unbiased assessment of species' fidelity to vertical strata but was only used for species with 20 or more individuals. Even though this accounted for 84.3% of the individuals, it included only 16.2% of all the species. However, there is some evidence that the patterns observed for the abundant species may also hold true for rarer species as figure 4c shows that the proportions of species classified as canopy or ground specialists did not change when additional species reached the analysis threshold of 20 or more individuals each year.
What are the causes of vertical stratification? First, there are differences between the canopy and the ground in the kinds of resources and their quality and quantity.
For example, the canopy is where most leaves, flowers and fruits appear, while the ground is where these resources and dead wood accumulate and decompose. As a result, canopy insects should be more likely to be associated with key canopy processes such as herbivory, and pollination, whereas ground-based insects should be more likely to be associated with decomposition. Family and feeding ecology data from this study, however, do not support this theory. Second, the microclimate of the canopy layer differs strongly from the ground. The upper canopy is exposed to more solar radiation, experiences much stronger wind velocities and temperature extremes, and is less humid than the ground (Pinker 1980; Walsh 1996; Szarzynski & Anhuf 2001; Turton & Siegenthaler 2004) . Third, behavioural traits (e.g. differences in predator avoidance; Schultze et al. 2001 ) may be important.
Our finding that 72% of the more common species are found in both strata shows that the beetle faunas are in many ways much more similar than might have been expected. We have two possible explanations for this. First, although there are some differences in the quality and quantity of resources between the canopy and the ground, there are also some similarities. We found support for this theory as among the families identified as canopyor ground-specialists (52% of families with nR20 individuals), there was no clear discrimination between vertical strata based on feeding ecology. At the resource level living wood is found in both strata and the ground zone contains other plant resources such as leaves, although in lower volumes than the canopy. Fungi are also present in both canopy and ground strata, although sometimes in different forms. Second, life-history constraints may force many canopy-dwelling species to spend time near the ground. The forest canopy has a much greater level of variation in humidity and temperature than the ground, and is therefore a challenging environment for beetle larvae, which are usually less protected from desiccation than adult beetles. This is reflected in the observation that some of the adult canopy-dwelling beetles have ground-based beetle larvae (Lawrence et al. 2000) .
We were surprised to find that although more species were caught in the canopy than the ground, this difference was the consequence of there being many more rare species in the canopy. To our knowledge, this is the first time that this has been demonstrated although rare species are an important component of all tropical insect assemblages (Novotný & Basset 2000) . We explore three possible explanatory hypotheses. First, it is possible that greater wind velocities present in the canopy (Walsh 1996; Szarzynski & Anhuf 2001) may have resulted in canopy traps capturing more 'tourists' (sensu Moran & Southwood 1982) just blowing by. We are unable to assess the likelihood of this hypothesis due to the absence of species' distributional data. The second possibility, which is related to the first, is that the difference in the abundance of rare species in the canopy and ground could be due to possible differences in the flight strategies of beetles in these strata. The presence of more rare species in the canopy could be the consequence of long-distance migratory flight and therefore, these species represent a much larger, geographically speaking, species pool, whereas the more abundant species represent local dispersal for new food resources. We have not tested this hypothesis further here. The third hypothesis is that the 238 Figure 4 . Proportions of species that are statistically significant indicators of the canopy, ground or not statistically significant (i.e. are neither canopy or ground stratum specialists) using IndVal, (a) for all species where number of individuals nR20 (total number of species is over each column), (b) as (a) but separately for each year (year 1 nZ58, year 2 nZ58, year 3 nZ96, year 4 nZ61), and (c) as (a) but cumulatively across years for 'new' species only (species not previously classified from previous year(s), year 1 nZ58, year 1, 2 nZ47, year 1, 2, 3 nZ84, year 1, 2, 3, 4 nZ49). Table 2 . Numbers of individual beetles, the ratio of those collected in canopy to ground traps, and significance levels (those in bold p!0.05) of IndVal analyses at the family level (and subfamily for Scarabaeidae, Staphylinidae and some Curculionidae). Number of species, number of canopy specialists and number of ground specialists record the total number of individual species and those species recognized as indicators of the canopy or the ground using IndVal. Trophic guild provides an assessment (or possible trophic guilds) for each family and is based on Hammond (1990) (Continued.) canopy is more heterogeneous in structure than the ground, and thus there are more rare species. However, the species composition data (Bray-Curtis measure of similarity) do not support this interpretation as the degree of variation within canopy and ground groups was very similar. The tropical forest canopy is poorly known and yet is of significance to so many fields of environmental concern (Ozanne et al. 2003) . Our results show that the canopy does have a large number of species, although probably not exclusively two-thirds of all insect species as had been suggested (Erwin 1982) , and is therefore home to an important component of forest biodiversity. These results also confirm that the ground stratum provides an equally important component of biodiversity that is often overlooked (Hammond 1990) . Insect assemblages from the canopy and ground strata of tropical rainforest share many species, and certainly cannot be considered independent from each other. 
